This study concerns the use of selected geomagnetic field records to establish the 1990 quiet-day current system (Sq) for Australia and to use the ionospheric current source of Sq for a determination of the Earth's deep electrical conductivity. The primary data set came from a chain of eight, three-component magnetometer stations that was operated along a north-south line in central Australia. Additional records, necessary for boundary conditions, were added to the data set. A regional spherical harmonic analysis (SHA) allowed the separation of the internal and external field contributions to the Sq variations. Mapping of the equivalent ionospheric current from the external field showed that the Sq contour focus passed near the -30° geomagnetic latitude of central Australia with a 5°l atitude variation between winter and summer and a corresponding change from about 80 to 200 kA in strength. A special transfer function allowed the computation of an equivalent conductivity-depth profile of central Australia from the paired external and internal coefficients of the SHA. A regression line through the conductivity estimates gives a profile that starts at 0.025 S/m for a depth of 130 km, rising gradually to about 0.045 S/m at 250 km, then steepens to 0.11 S/m at 360 km and rises moderately to 0.13 S/m at 470 km near the base of the upper mantle. No data were obtained through the mantle transition zone. Computations gave 0.18 S/m in the region of 800 km depth. Previous conductivity models for the upper mantle beneath central Australia, although less specific in values, are consistent with our profile. At depths greater than 500 km, the regression profile is in agreement with the conductivity distribution beneath the Tasman Sea determined from seafloor magnetotellurics, although both measurements lack high resolution at such depths.
Introduction
A fluctuating electric current flowing in the Earth's atmosphere causes corresponding electric currents to flow in the conducting Earth below the source current. The magnitude, direction, and depth of penetration of the induced currents are determined by the characteristics of the source currents as well as the distribution of electrically conducting materials in the Earth. At the Earth's surface observatories, magnetometers measure the composite of external (source) and internal (induced) field components from the currents. This paper concerns the quiet-day field variations, their separation into external and internal contributions, and the use of this separation not only to establish the ionospheric current system but also to profile the electrical conductivity of the deep Earth.
Through the entire year of 1990 the Australian Geological Survey Organisation operated a chain of geomagnetic observatories near a longitude line through central Australia from Darwin to Adelaide. Data from these stations provided the opportunity to study the ionospheric quiet-day current system and to use this system in determining the Earth's upper mantle electrical conductivity. Below we will give the brief background to show how such currents and conductivity were obtained from the chain of magnetic records.
By the late nineteenth century scientists had established laws governing electric and magnetic phenomena. Maxwell (1873) had devised the short list of differential equations that brought together all these laws. Given a set of field measurements, Maxwell's formulation allowed the computation of possible causative current configurations. When the source current can be properly represented by an additive series of elemental currents, then each elemental current can be treated separately as behaving Maxwell's equations; such decomposition is important to our analysis method.
For the situation in which field measurements are available about a spherical surface that separates the source from the induced currents (and a current doesn't flow across this surface), Gauss (1838) devised a special solution of the differential electromagnetic field equations that is separable in the spherical coordinates r, θ, and φ. In Gauss's solution, the field terms that represent radial dependence appear as two series-one with increasing powers of the sphere radius, r, and one with increasing powers of 1/r. As the value of r becomes larger (outward from the sphere) the first series produces an increased field strength, as if approaching external current sources. As the value of r decreases (toward the sphere center) the second series of 1/r terms indicate increased field strength, as if approaching internal current sources. Gauss had devised the way to separately represent the currents that were external and internal to his analysis sphere. For these external and internal series, there are individual spherical harmonic analysis (SHA) polynomial (Legendre) terms, each having two indices, degree m and order n. The full field is then represented as paired (external and internal Legendre terms) elemental parts, each satisfying the physical laws. Gauss applied the SHA method to the global field observations and verified that most of the Earth's main field originated from internal sources. By the turn of the century, the method was also used to show that the daily, quiet-time geomagnetic field variations came mostly from sources of current external to the Earth (Schuster, 1889 (Schuster, , 1908 ; this finding led to the discovery of the ionosphere. We will analyze the quiet fields with this SHA to separate the Sq ionospheric source currents from the induced currents within the Earth.
Chapman (1919, and Chapman and Bartels, 1940) introduced a novel variation of the analysis for the quiet day fields. He treated a longitude line of observatories as riding with the Earth under a fixed, subsolar, ionospheric current system. In that way, at each latitude the quiet daily variation (Sq) of field in 24 hours represented the field measured around 360° of a sphere. We can call this "cloning" a sphere from a longitudinal "slice" sample. From an induction point of view, this mathematical representation implies a spherical symmetry of the Earth's conducting properties; but the evaluation is only applicable to the original slice longitude. Matsushita and Maeda (1965) Campbell (1990) .
In 1970 Schmucker published the transfer equations necessary for obtaining a conductivity versus depth profile from the separated external and internal SHA fields. A subsequent series of publications extended the Schmucker work with conductivity analyses of continental half-sectors (Campbell and Anderssen, 1983; Campbell and Schiffmacher, 1986 , 1988a , 1988b Campbell, 1987 Campbell, , 1997 Aurora et al., 1995) . The method used by these authors first determined a yearly Sq change from the selected quiet-day field variation. Then their mathematical technique cloned a sphere (necessary for the Gauss external-internal separation) from the area of interest by modeling opposite hemisphere variations from 6-month, time-shifted versions of the principal data set (called the "mirror-slice" method). After performing the SHA and extracting the external and internal parts of the Sq twice each month through the year, each pair of n and m indices, in each of the 24 analyses, represented the contribution from an elemental field for which the transfer function could provide a single value of corresponding conductivity and depth. A locally weighted regression fitting of the combined results produced a robust conductivity profile of the upper mantle beneath the study area.
A recent investigation of the external source currents and deep electrical conductivity for the India-Siberia region (Campbell et al., 1992 (Campbell et al., , 1993 Arora et al., 1995) is the latest example of this analytical method. Because the analysis technique, mathematical formulation, and computer algorithms of these authors has been followed exactly (except for adjustments to the Australia region) in the study reported now, it is not necessary to repeat those equations here. However, a general description of the methodology is provided in Sections 3 and 4 below; the interested reader can refer to the India-Siberia papers for greater details.
The Magnetic Observations
Eight magnetometers had been deployed along a northsouth transect across Australia to record magnetic field variations during a 13-month interval commencing in November 1989. The program was part of an "Australia-Wide Array of Geomagnetic Stations" (AWAGS) experiment to investigate the space-time patterns of the geomagnetic field over the entire continent and to determine the inductive response of the crust and ocean margins (Chamalaun and Barton, 1993a, b) . The instruments were developed at Flinders University of South Australia as self-contained fluxgate units with solid-state data logging, a sensitivity of about 1 nT, and capacity for operating unattended for 4 months (Chamalaun and Walker, 1982) . Three components of the field, together with temperature and time, were recorded at one-minute intervals. For our analysis, 10 data values (centered about each 10-min marker) were averaged to provide 10-minute field samples.
Our analysis technique requires a determination of the Sq quiet-day fields along a full longitude line from the equator to the pole in one hemisphere. It has been shown that the principal contribution to the potential function defining Sq comes from fields weighted with respect to the proximity of the Sq current vortex center (Arora et al., 1995) . That focus location occurs near -30° geomagnetic latitude over central Australia (Lilley, 1975; Parkinson, 1977; Campbell and Schiffmacher, 1987; Stening and Hopgood, 1991) . Therefore, those AWAGS stations nearer latitudes of central Australia would carry the major weight in defining the conductivity profile; stations near the equator and pole provide only the necessary boundary conditions to fill-in a hemispherical profile. Accordingly, to augment the Australian station set, concurrent data from nearby Port Moresby (PMG) to the north and MacQuarie Island (MCQ), to the south, were added. Then, to establish the necessary boundary conditions near the equator and the pole, field values were computed at four locations in these bordering regions (EQX, LOX, HIX, and SMX) from the standard quiet-day field model WDCA-SQ1 (Campbell et al., 1989 ; available as program SQ1MODEL.EXE on world wide web at http:// www.ngdc.noaa.gov/seg/potfld/utilwhc.html). Table 1 is a list of the station codes, geographic locations, and geomagnetic coordinates of the data sources for our analysis. Figure 1 is a map showing the locations for the data sets. The two adjacent AWAGS stations, Etadunna (ETA) and Mable Creek (MAC) were occupied at complementary half-years. During the analysis, after rearrangement into local time, data from these two stations were concatenated, given a new composite name (CEM), and taken to be located at the mean position of the original stations.
The Quiet-Day Field
On days undisturbed by solar-terrestrial field and particle activity the geomagnetic records from a surface observatory display a smooth variation of field during the daylight hours. These variations are dominated by 24-, 12-, 8-, and 6-hr spectral components that change slowly from day to day through the seasons. Laboratory and in-situ studies have demonstrated that these variations arise from dynamo currents created when the conducting E region and lower F region of the ionosphere are moved through the main field of the Earth by tidal and thermospheric winds (see Chap. 2 in Campbell, 1997) . Figure 2 illustrates the typical summer daytime magnetograms for geomagnetic northward (H) and eastward (D) components of field variations at the Earth's surface between 50° north and south geomagnetic latitudes. The variations follow a changing pattern that can be separated into local time (LT) pre-noon (0600 to 1200 LT) and afternoon (1200 to 1800 LT) periods; vector arrows in the right column indicate the dominant field direction at each period. The wire segment sketch in the column marked "current" illustrates the equivalent overhead current configuration that would give rise to the dominant morning and afternoon local-time field directions shown as vectors. The vortex pattern at the bottom of the figure combines the current elements to illustrate how a system of two oppositely directed current vortices in the daytime ionosphere produce the observed quiet-day fields at the Earth's surface. Figure 3 illustrates how, in 24 hours, a southern longitude chain of magnetic observatories on the Earth's surface, will pass under an ionospheric dynamo current vortex. These locations will sample the Southern Hemisphere of a spherical surface that separates the external (source) and internal (induced) fields on a quiet day. In the analysis, small differences in longitude of the stations are adjusted by arrangement of the field variations in local time. An analysis field pattern for comparable locations in the opposite hemisphere is obtained by shifting the date in 1990 by 6 months and changing signs of the appropriate field components to conform to a reversed source-current vortex (Campbell, 1990) .
The analytical method can be visualized in this way. Consider the situation that we wish to explore the currents and conductivity for an Earth half-sector (as a half-section of an orange). We need a full sphere to use Gauss's method of separating the external and internal currents, and need the SHA coefficients for the transfer function defining the conductivity profile. We clone our hemisphere by the transformation of 24 hours in time to 360° degrees in longitude (Campbell, 1990 ). This procedure is equivalent to saying that for the mathematical analysis, deep conducting layers uniformly similar (in longitude) to that below the stations is modeled. That is as if we have cloned a halforange from our half-section. Next, we mirror values to the opposite analysis hemisphere by simply shifting the variation at comparable locations by 6 months (summer in one hemisphere matches winter in the other) and changing some within Australia, two magnetic observatories adjacent to the Australian continent (PMG and MCQ), and four boundary locations (EQX, LOX, HIX, and SMX) for which fields were reconstructed using the global Sq model. All locations are specified in Table 1 . field signs. Then our sphere is complete (a whole orange from the half-section) and we can proceed with the SHA. However, the analysis results apply only to the initial longitude chain of stations in the region from which the data were obtained. In effect, the cloning and mirroring are boundarycondition devices to allow the mathematical analysis of a limited region of interest. The procedure is analogous to a Fourier analysis, in which a represented variation through a specified time interval is assumed to repeat indefinitely for intervals before and after the principal interval so that a special mathematical procedure can be applied. Figure 4 is a flow diagram to illustrate the full data processing routine. The relevant equations can be found in the references to the method given in Introduction (Section 1). The analysis starts with three categories of input: the selected quiet days of 1990, the 3-component measurements of field values at the observatories, and the boundary value field variations (near the equator and pole) synthesized from the global quiet day model.
There were 63 days in 1990 in which the global geomagnetic disturbance index, Kp, had all 8 daily values less than 3 o and, at the same time, had no previous day values greater than 4 o (see p. 160 of Campbell, 1997 , for explanation of the Kp index). These days were taken as preliminary "quiet day" recordings. We shall see that more severe restrictions later reduce this number. All observatories had 10-min sample records available except Port Moresby where the scalings provided were 60-min average values. The original recordings of field were in Universal Time (UT) as orthogonal north, east, and into-the-earth components of Fig. 3 . Procedure for mapping the Sq equivalent current system (nested curved lines) using a north-south transect of geomagnetic field observatories (dots connected by straight lines) at the Earth's surface. The current system is assumed to be fixed, with respect to the Sun-Earth line, at about 100 km above the Earth's surface while the observatories rotate beneath the currents. The 24-hour magnetometer records at the line of observing stations represent a sample of the current system over a complete analysis hemisphere.
field as X, Y, and Z. Considerable effort was expended to eliminate random spikes in the original records and to remove sudden shifts in baseline levels.
After the X and Y records were transformed to the magnetic northward (H) and eastward (D) coordinate system, the data for each component were Fourier analyzed for each quiet day. With a removal of the daily trend and baseline, the spectral coefficients were defined to the sixth harmonic . These coefficients were then appropriately phase-shifted to represent the variation in mean local time at each station.
At this point, each daily coefficient was examined for its consistency with gradual change through the year so that disturbed days, not initially indicated by large Kp values, could be removed. If a coefficient value varied more than two standard deviations from the four adjacent neighbors (two earlier and two later coefficients), the value was replaced by the mean of the four neighboring coefficients, and the date was recorded in a temporary "BADDAY" list. After all components of every station were evaluated for such outliers, the temporary BADDAY list was examined. If there were 10 or more outliers for a given day, that day was transferred to a permanent BADDAY file. These BADDAY selections were then removed from the selected quiet days. There were 26 days in the BADDAY file; that left 37 days for the Sq study. Fortunately, these days were adequately distributed through the year to represent the seasonal change. A determination of coefficient values at exactly evenly spaced intervals through the year was obtained from a linear extrapolation using the selected quiet-day values.
A second, full-year Fourier analysis was carried out on each station data set of the evenly spaced, year's coefficients to determine the mean, linear trend, and the 12-, 6-, 4-, and 3-month harmonic variations. Only the annual and semiannual variations were of significant size. The final, double Fourier series representation of station coefficients then allow the reconstruction of the Sq for the station on any day of the year.
The next task was to model the best smooth latitude representation of the quiet fields. Again, each Fourier coefficient was treated separately as a value that had an identified latitude (of the contributing location). The smoothing started with a linear interpolation between the values, and involved polynomial fitting and running-variable-window smoothing (see Campbell et al., 1992) to yield 2° geomagnetic latitude representations of each coefficient. The latitude file of these smoothed double Fourier series values (called file 90A1-3X8.DAT) allowed us to recreate the three orthogonal field components on any quiet day of 1990 at any selected latitude within the analysis range. Fig. 4 . Flow diagram for analysis of the quiet-day field variations and upper-mantle conductivity. The analysis follows the procedure described by Campbell (1990) , Campbell et al. (1992 Campbell et al. ( , 1993 , and Arora et al. (1995) . 
External and Internal Fields and Currents
For the 6th and 21st day of each month of 1990 a spherical harmonic analysis (SHA) of field data sets, obtained from the file 90A1-3X8.DAT, was computed to degree n = 23 and order m = 6. This means that the maximum number of waves used to represent the field along a 360° great circle of geomagnetic longitude was 23; or 360/n = 15.7° in wavelength. In the 24-hr representation of the field variation, the shortest component was a 24/m = 4-hour oscillation. Figure 5 shows the power distribution of the separated external and internal coefficients for the SHA of the summertime (21 December) quiet-day fields. The distribution of Fourier power (for order m wave index) indicates that by m = 6 the external fields have entered the noise levels near 0.6 gamma (log of 0.36 gamma 2 = -0.44). We should expect this result because the quiet days have only small contributions below m = 4 (the 6-hr component). Figure 5 also shows that the external Legendre power reaches this same gamma level at n-m values between 8 and 9. That corresponds to wavelengths of about 360/(n-m + 1) = 36° to 40° along a great circle of longitude; variations of shorter wavelengths are near noise levels. Some randomness of behavior seen in the figure reflects residual data noise. The external and internal spherical harmonic coefficients allow us to separate the corresponding contributions to the surface field. In Fig. 6 we show the reconstructed X, Y, and Z components of fields for representative winter (21 June) and summer (06 January) conditions at the northern (Darwin) and southern (Port Augusta) ends of the chain of AWAGS stations. Here, the H and D components have been rotated to the X and Y directions and translated from Local Time to Universal Time to aid the Australian workers in comparing these results with their typical recordings. Note the relative amplitudes and phase differences of the external and internal contributions. These features arise from the effects of the conducting Earth.
The mapping of external (source) equivalent currents above the study region is readily established from the output of the SHA analysis (Campbell and Schiffmacher, 1987) . Displaying the 21st of each month, Fig. 7 illustrates that annual pattern of current contours forming the typical clockwise Southern Hemisphere Sq vortex. There is 10 kA of current flowing between each contour line in the direction indicated by the arrows. A polar cap midnight zero level is assumed for the plot. Note the focus summertime (January) maximum of about 200 kA and the wintertime (June) minimum of about 80 kA. Code letters for the sites (Table 1) which were sources of the magnetic data are indicated to the right. Note the Sq focus location near Alice Springs (ASP). Figure 8 summarizes seasonal features of the monthly external current contours. Here, a single parameter, the daily range of external current, is shown for the analyzed 6th and 21st of each month through the spread of southern latitudes followed in the SHA. The contours are given in 10 kA steps. The track of the daily Sq vortex focus near -30° geomagnetic latitude is indicated by a dashed line. In 1990 there was about 5° northward movement of that focus from summer to winter.
Upper Mantle Conductivity
For each SHA (two for each month for this 1990 data set) paired external and internal coefficients can be grouped by Legendre degree and order into values of (n-m) corresponding to the wavelengths around a great circle of longitude. Gauss's (1838) analysis not only allows us to separate the internal from the external parts but the separated terms allows us to treat pairs of corresponding degree and order as separate entities in the field computation. Transfer functions are used to determine a conductivity-depth profile of the subsurface that could be responsible for the observed induced internal fields (see references in introduction section above). For each pair of entities (external and internal) we took only the SHA coefficients having values greater than 0.5 gamma. We followed the earlier studies (Campbell et al., 1994; Arora et al., 1995) that showed only the values with (n-m) = 1 to be significant because the higher n-m values have been associated with disturbances originating in polar regions. Together with two other computational restrictions (see Arora et al., 1995) we obtained 45 separate conductivity values ranging in depth from 130 to 807 km. Our analysis method depends upon the averaging of values from the distribution of these many individual depth-conductivity determinations. The most likely profile was obtained from the scattered values by using a locally weighted regression fitting described by Cleveland (1979) .
In Fig. 9 the asterisks illustrate the conductivity-depth computation results. The line-connected dark circles are the regression fitted values. The analysis method depends on the use of a number of determinations to overcome a variability whose scatter reflects such features as random instrumental drifts, magnetic field contributions produced by other than quiet-time field conditions, and a variability of the source current location. Although the scatter indicates that some inflections in the regression line may be poorly constrained, the trend in the conductivity-depth profile is clearly supported.
The profile starts at 0.025 S/m at a depth of 130 km and rises gradually to about 0.045 S/m at 250 km. The profile then steepens to 0.11 S/m near 360 km and rises more gradually to about 0.13 S/m at 470 km. There were no further conductivity values until the region of near 800 km is reached showing about 0.18 S/m.
Discussion
A study of the Australian Sq for the extremely quiet year, 1965, had been undertaken earlier by Schiffmacher (1987, 1988a) . In that investigation, boundary stations, PMG and MCQ were also used. However at that time, only data from Gnangara (near Perth) and Toolongi (near Melbourne) were available from the Australian mainland; both were well away from the Sq current focus. Therefore, that earlier study was considered to be only a preliminary representation of the Australian quiet-time current system. The computed yearly track of the external current vortex center appeared in approximately the same locations for 1965 and 1990 with a similar seasonal variation. However, our presently measured summertime and wintertime currents are about 1.5 and 2.4 times as large, respectively, than their 1965 counterparts. This result is consistent with Campbell and Matsushita (1982) , who found active year Sq currents to be 1.6 and 3.0 times as large, respectively, as the seasonal quiet year currents. The year 1965 remains the quietest on record for international geomagnetic activity, but 1990 was not a particularly quiet year. The change in activity level from an annual sunspot number of 15 in 1965 to 143 in 1990 certainly means that the upper atmosphere ionization and thermospheric wind system (causing the dynamo currents) were greater in 1990 due to greater solar output (see Hoyt and Schatten, 1997) . More days of higher Kp index must have been included in the 1990 data sample than in the 1965 analysis.
The earlier mantle conductivity profile of Schiffmacher (1987, 1988a) can be compared with our new profile in Fig. 10 . The new values are seen to be consistently higher than the old ones by about half-an-order in magnitude. The difference probably reflects the poor mid-latitude continental sampling along the nominal N-S transect in the earlier study, there being only two stations; Toolangi in the extreme southeast of the continent and Gnangara in the extreme southwest (3000 km away), with neither near the locus to the Sq focus. Such location could produce larger errors on the earlier estimates of Campbell and Schiffmacher. However, the results do suggest that there may be detectable lateral differences in the electrical conductivity structure of the sub-continental mantle. It is generally accepted that the mantle is essentially isochemical and that the seismologically-determined boundaries in the mantle are associated with petrological phase changes (Jackson and Rigden, 1997) . Whether these boundaries are linked with resolvable changes in electrical conductivity remains unclear, although the present laboratory evidence (Peyronneau and Poirier, 1989; Constable and Duba, 1990; Constable et al., 1992, Poirier and Peyronneau, 1992; Duba and Constable, 1993 ) favors a smooth temperature-controlled variation of conductivity through the mantle (noted by Heinson and Constable, 1992) . In particular, laboratory measurements to date suggest that there are no major transitions in conductivity in the mantle at 400 km. Nevertheless, the shape of Fig. 9 does suggest some mantle zonation, so it is worthwhile comparing our model with the inferred seismological and petrological boundaries.
The upper mantle (at depths shallower than about 350 km) exhibits distinct lateral heterogeneity with lowest seismic velocities below mid-ocean ridge systems, and highest velocities beneath old continental blocks extending to depth of 250 to 300 km. This lateral variability in seismic velocities is believed to be primarily thermal rather than compositional in origin because of the weak velocity-composition dependence in the ultramafic lithologies that dominate the upper mantle (Jackson and Rigden, 1997) .
The major mantle discontinuities occur in the transition zone (350 to 750 km) and are attributed to two pressureinduced phase changes as peridotic upper mantle minerals (60% olivine by volume, pyroxenes, garnet, and minor constituents), with crystal structures based on SiO 4 tetrahedra, are progressively replaced by denser, stiffer structures having octahedrally-coordinated silicon. Jackson and Ridgen (1997) concluded that the phase changes of olivine to wadsleyite and, subsequently, the disproportionation of ringwoodite to yield (Mg,Fe)SiO 3 perovskite and magnesiowustite occur within very restricted pressure ranges that are consistent with depths and sharpness of the 410-km and 660-km discontinuities that are observed world-wide (e.g., Shearer, 1991) . Minor discontinuities have been reported at greater depths. In the Australian region, the 410-km and 660-km boundaries are clearly evident, but a 520-km seismic discontinuity is not generally identified. The base of the lithosphere is marked by a boundary at 210 km (cf. Kennett et al., 1994) . This feature is not clearly resolved throughout the region and is attributed to fluctuations in seismic anisotropy rather than to chemical composition or phase changes (Kennet, personal communication). The boundaries discussed above are marked on Fig. 10 . Our conductivity profile does not resolve a discontinuity at the base of the lithosphere at 210 km, but starts to rise at about 250 km. The conductivity increases most rapidly with depth through the upper mantle to its base at a depth of about 350 km. This behavior does not match a specific seismic discontinuity, but does correspond to the maximum depths at which the roots of old continent are detectable in seismic data. We have no conductivity estimates between 470 and 730 km, but any substantial variation in conductivity through this region seems to be ruled out because the regression fit changes by less than 0.05 S/m over this interval. Figure 10 also shows a selection of global-average conductivity profiles for the mantle. The models of Bott (1982) and Stacey (1992) are notional curves based on a synthesis of many individual results. Our estimates for the lower mantle conductivity appear to be consistently lower by almost an order of magnitude, than the global ones. In the upper mantle our estimates are higher, again by about an order of magnitude, than the global estimates, with the exception of Parker's (1971) Backus-Gilbert inversion result. These systematic differences are quite big, even given the large uncertainties in the mantle conductivity estimates, and suggest that either the earlier determinations are in error or that major regional variations should be considered.
For reasons mentioned earlier, our analysis uses data from the equator to the pole, but is weighted towards data from latitudes near the Sq focus. Consequently, should there be any detectable lateral variation in mantle conductivity, we would expect our conductivity values to be a better match to regional profiles from central Australia than to global averages. A comparison with profiles obtained for the Australian region by geomagnetic depth sounding (GDS) methods is shown in Fig. 11 . Lilley et al. (1981;  we will call this reference LWS) found "a substantial difference in conductivity structure between central and southeast Australia. Beneath central Australia, Fig. 11 . Comparison of our Australian Hemisphere profile (squares and bold line) with regional electrical conductivity models. The shaded zone shows the range of acceptable models that fit magnetometer array data for central Australia (Lilley et al., 1981) ; the hatched zone shows the range of models that fit array data for southeastern Australia (by the same authors). Models for the middle of the Tasman Sea (Ferguson, Lilley, and Filloux, 1991) are shown by the bold stepped dashed line (site TP3) and the stepped thin line (site TP4). WH(1994) is the result of White and Heinson (1994) that was based on a transect of the GDS stations across the continent-ocean boundary of South Australia. HL(1993) is the profile obtained by Heinson and Lilley (1993) from a re-analysis of the Tasman sea data. Below about 400 km, all the models lack resolution. Observe the uncertainty in WH(1994), shown stippled; HL(1993) could have been placed at 0.1 S/m without affecting the fit to the data.
the structure is consistent with a traditional continental geotherm and published laboratory measurements on the temperature dependence of the electrical conductivity of recognized upper-mantle crystalline olivine materials". Note that eastern Australia is geologically younger and geophysically distinct from central Australia. In Fig. 11 , the shaded zone shows the range of models designated by LWS to be acceptable fits to GDS data for central Australia. Our conductivity profile, shown as a bold line with solid squares in Fig. 11 , lies substantially within this range, falling outside it only at depths greater than 550 km (where all models have poor resolution). By contrast our regression profile is clearly a poor fit to LWS's range of acceptable models for eastern Australia (hatched region in Fig. 11 ). Takeda (1991) has studied electric currents induced in the ocean by Sq fields and believes that our conductivity measurements may be affected by the ocean. We do not consider his oceanic work as applicable to our continental results. Our analysis is naturally weighted toward the region of the Sq current focus, which is located midcontinent for this Australian region. In addition, contrary to that author's statement that our method assumes "the induced currents flow only in the mantle", our computations do not assume a depth to the conductivity but rather let the relationships of the observed external and internal fields determine the profiles.
No GDS studies have yet been completed in the equatorial sector of our longitudinal transect. Likewise, we have no information for the Southern Ocean (although F. E. M. Lilley is currently undertaking one such study). However, White and Heinson (1994) have followed earlier GDS work by Polatayko (1978, 1985) to obtain an electrical conductivity profile for the continental-ocean boundary of South Australia (using a transect of stations going from the land to just beyond the continental shelf south of station PTA in our Fig. 1 ). Their profile is marked as a short-dashed line in Fig. 11 with uncertainty estimates (Heinson, personal communication) shown by the dotted zone. Our profile indicates a conductivity about an order of magnitude greater than White and Heinson's in the Upper Mantle, but better agreement (given the very large uncertainties) in the Transition Zone (i.e. below about 400 km).
We may also compare our results with profiles obtained by Ferguson et al. (1991) for the middle of the Tasman Sea (sites TP3 and TP4 between the Australian mainland and Lord Howe Rise). Ferguson et al.' s conductivity profiles are shown in Fig. 11 by the long-dashed and continuous lines, respectively. There is good general agreement with our new profile; the Tasman profiles having lower conductivities than our model above 400 km, and similar values below. Heinson and Lilley (1993) have applied a more sophisticated analysis of the Tasman Sea data incorporating thin-sheet modelling of the ocean layer and a technique to remove 3-D distortion from the observed seafloor MT data. Heinson and Lilley's profile is shown as a dash-dot line in Fig. 11 . They required a conductivity of less than 10 -4 S/m for the lithosphere in order to fit the observed anisotropy in seafloor MT data, but apart from this feature, Heinson and Lilley's profile is similar to those of Ferguson et al. (1991) for TP3 and TP4. All the profiles lie within LWS's range of acceptable models for central Australia.
The comparisons we make with models at depths greater than 400 km must be treated with caution because all the models lack resolution at such depths. The scale of this uncertainty is illustrated on Fig. 11 graph of White and Heinson's (1994) model (shown stippled); changes in conductivity of two orders of magnitude can be made without affecting their data fit.
Conclusions
A new model of the Sq current system for the Australian "hemisphere" for 1990 has been obtained from magnetometer data using a chain of geomagnetic records going from the equator, through central Australia, to the pole. Summertime and wintertime ionospheric currents in 1990 had focus values of 200 and 80 kA and were 1.5 to 2.4 times greater, respectively, than they were in the solar-quiet year of 1965. The yearly track of the Sq current focus that passes across central Australia has a seasonal position and movement that were similar in 1965 and 1990.
The mantle electrical conductivity profile obtained from the Sq model is dominated by data from the central Australian mainland. The principal features of the new profile are (1) the conductivity gradient thought the lower part of the upper mantle is steeper than in the transition zone, (2) the base of the Australian lithosphere and seismic discontinuities at 410 km and 660 km are not evident in the profile, (3) conductivities are higher than average global models for the upper mantle, broadly similar in the transition zone, and lower in the lower mantle, (4) the profile lies within the range of models determined from earlier array studies in central Australia for the upper mantle and into the transition zone, and (5) at greater depths, below about 400 km, notwithstanding the poor resolutions a such depths, the profile is in agreement with the values obtained from previous electromagnetic studies carried out across the continentocean boundary of South Australia and on the floor of the Tasman Sea.
